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ABSTRACT
Recently, interest in the use of solid residues to partially replace
some of the concrete components has grown. In this regard, this
work evaluated the effect of surface treatment of post-consumer
polypropylene flakes (as partial sand replacement by 10% volume)
with surfactant in order to promote a better interaction with the
cementitious mass and to improve its mechanical properties and
durability. PP samples were treated with two different surfactants
TS1 (nonionic) and TS2 (common detergent) (evaluating content
and time). PP flakes with and without treatment were characterized
by contact angle test, and the concrete samples were characterized
by mechanical and durability tests. Results of the contact angle
analysis showed that PP with TS2 presented greater wettability
with increasing surfactant concentration and sample immersion
time (0.2% and 20 s). The samples with the addition of treated PP
showed an increase of 16% in the compressive strength and of 8.9%
in stiffness and a decrease of 24% in the void index and of 44.9% in
the water absorption, when compared to the untreated samples.
Results showed that the treatment with the TS2 surfactant contrib-
uted to the improvement of the analysed properties.
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The use of plastic is consistently growing because of its versatility. The total plastic produced
worldwide estimated in 2015 was 322 Mt. Among the most common are high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET)
and polypropylene (PP). On the other hand, this high consumption generates a large bulk of
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waste plastic, causing problems in the final destination, that usually is sent to landfill or
dumped into the oceans, which are the terminus in the lifecycle of plastic, causing polluting
effects over long periods.
For these reasons, the possibility of using plastic waste in particular polypropylene in
applications as a substitute for sand, since the consumption of sand reached 305 Mt in
2018. The use of plastic to manufacture plastic aggregate has the potential to mitigate the
aforementioned problems and reduce the rapid consumption of non-renewable materials
as sand.
The concern about environmental issues and the decreasing of landfills lifetime
have promoted the development of research for the addition of used polypropylene
(PP) packaging to new materials. For instance, this waste PP can be used in the
production of concrete being a partial substitute for sand [1,2]. This substitution
provides an alternative solution to those problems, since it consists of the use of
waste from disposable food packaging for the production of used PP flakes which can
be used as small aggregate for the production of structural concrete. This combination
of used PP flakes with the materials composing the concrete is also known as
composite, which is a multiphase material made of materials with different properties
that, when put together, produce a material with the combination of these proper-
ties [3].
Zhao et al. [4] have reported the effects of polypropylene fibers on the compressive
strength of concrete. They concluded that the compressive strength of concrete improved
with the insertion of 19 mm long fibers, considerably improving toughness when compared
to 12.7 mm. Cabral et al. [5] have investigated the effect of the addition of plastic aggregates
on the concrete strength, in which a reduction was observed with increasing residue content.
These authors have found that the poor adhesion between the cementitious mass and the
plastic was the main cause for the strength reduction.
Polypropylene has characteristics, such as lightness, high mechanical resistance, and
rigidity. However, the apolar chemical nature of PP makes it difficult to add it to the
cement mass, which favors the formation of voids; thus, reducing the mechanical
properties and durability of the concrete [6].
The development of research in the field of polymer surface modification, espe-
cially the surface and interphase treatments, has been considered promising, mainly
the study of applications of surfactants, which focuses on changing the surface
energy of the polymer [7]. There are some research on concrete with the use of
polymeric PP fibers that study the modification of the PP surface, which can be
treated in several different ways, such as wet chemical [8], flame [9], mechanical
micro-pitting [10], and cold plasma [11] treatments, in order to improve adhesion
to the cement mass.
From our knowledge, there is no research related to the use of used PP flakes as
a substitute for sand in concrete production. Therefore, the objective of this work is to
evaluate the partial replacement in 10% by volume of the sand by PP flakes with and
without treatment of the surfactant and to verify the influence of the treatment of the
polymer on the interface adhesion between polymer and concrete, mechanical and
durability tests were carried out on the concrete.
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2 Materials and methods
2.1 Materials
The materials used to produce the samples were: Portland cement type V, according to
the NBR 16697 standard [12], medium-sized natural sand, used polypropylene, type 1
gravel, and water.
The PP was rinsed with tap water to remove impurities and subsequently dried at
room temperature. After these processes, it was ground in a Retsch knife mill, model SM
300, until the polymer flakes were obtained.
This study was carried out with PP from used food packaging as a partial substitute for
sand. Each material was weighed individually to form the mixes based on the ones used
for the reference concrete, which had a 40 MPa (RS40) average compressive strength.
Three different mixes were made: concrete reference, as previously mentioned (RS40),
concrete with the addition of untreated PP (PPus), and concrete with the addition of
treated PP (PPts). Both mixes containing PP had 10% of sand volume replaced by PP.
For the surface treatment of the PP residues, two surfactants were used: TS1 (surfac-
tant 1), Triton x100 nonionic surfactant: 1,1,3,3-tetramethyl-butylphenyl (9,5)-
polyoxyethyl ether of the Roche brand; and TS2 (surfactant 2), common detergent of
the Limpol brand with active component/anionic surfactant, Linear alkylbenzene sodium
sulfonate, glycerin, coadjuvants, preservatives, sequestrant, thickeners, dyes, and water,
having pH of 5.5–8.0 and anionic active matter of 6.50–7.90% [13].
The granulometry of the aggregates was carried out according to the NBR 7211
standard [14]. The physical properties of materials are shown in Table 1. It is noteworthy
that the fineness modulus is the sum of the percentages accumulated in all sieves of the
normal series, divided by 100. The larger the fineness modulus, the thicker the aggregate.
2.2 Methods
2.2.1 Process of surface treatment of PP residues
Before the preparation of the concrete samples, PP package were cut into rectangular shape
and were cleaned and subsequently, subjected to surface treatment: submerged in surfactants
solutions (TS1 or TS2) withmass concentrations of 0.1% and 0.2% and immersion times of 10
and 20 s for each concentration. The surfactant concentration and the immersion time were
based on methodology of the literature [15]. Samples were then dried in an oven at 50°C for
12 h.
2.2.2 Characterization of the residues on PP
In order to evaluate the effect of the treatment on the wettability of the PP flakes, their
surfaces were characterized by the contact angle test, using the Kruss® tensiometer model
8451. The drop was captured by a camera that exported the images to the Surftens 3.0 TM
Table 1. Properties of sand, gravel, and PP.
Property Sand Gravel PP
Density (kg/m3) 2370 2900 900
Granulometry (mm) 2.36 25 4
Fineness modulus 1.95 7.05 -
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software in which the value of the contact angle (CA) was calculated. Ten replications
were performed.
The surfactant that presented the highest wettability of PP was used as a partial
substitute of sand in the preparation of specimens.
The surfaces of the PP samples were characterized before and after treatment by Fourier
transform infrared spectroscopy (FTIR), using a Perkin Elmer Frontier FT-MIR/NIR mole-
cular absorption spectrophotometer. Attenuated total reflection (ATR) was carried out using
a wave number ranging from 4000 to 700 cm−1, 16 scans, and a 4 cm−1 resolution.
2.2.3 Preparation of concrete
The casting of the samples was carried out according to the NBR 5738 standard [16].
Molds of (Ø 10 × 20 cm) were used and a vibrating table was used to reduce voids.
Samples were placed in a humid chamber with controlled temperature and relative
humidity for 28 days.
The materials were individually weighed to compose the sample mixes. Subsequently,
they were placed in the concrete mixer to be mixed with water. After a certain mixing
time, the concrete mass was put into molds and placed on the vibrating table. After 1 day
of curing, the samples were removed from the molds and stored in a humid chamber for
28 days for curing. Twelve samples were cast for each mix. The was calculated by volume
and the water/cement ratio (w/c) was 0.43, as shown in Table 2.
2.2.4 Characterization of concrete
2.2.4.1 Optical microscopy. The analysis of the adhesion of the polypropylene with
(PPts) and without treatment (PPus) to the cementitious mass was performed by optical
microscopy, using an optical microscope by Dino-Lite. The concrete samples measuring
5 cm in height and 10 cm in circumference were cut using a diamond circular saw to be
further analyzed under the optical microscope.
Microscopic analysis was performed by directly observing the surfaces of the samples,
which were previously cut to fit the microscope. The microscopic analysis of concrete
samples has the objective of evaluating the adhesion of the polymer to the concrete so
that the evaluation of the studied properties can be corroborated.
2.2.4.2 Water absorption by immersion, void content, and specific mass. The assay to
determine the water absorption (WA) by immersion and the void content was performed
in accordance with the NBR 9778 standard [17]. Three samples of each mix were assayed.
2.2.4.3 Axial compression test. For the rupture of the specimens, a Shimadzu hydraulic
compressive strength machine with a capacity of 2000 kN was used. This test was
Table 2. Concrete mixes samples.
Concrete sample Cement: sand: gravel: PP (kg)a
RS40 1: 1.62: 2.89: 0
PPus 1: 1.48: 2.89: 0.13
PPts 1: 1.48: 2.89: 0.13
aThe materials have been replaced in volume and converted
to mass for better understanding.
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performed based on the NBR 5739 standard [18]. The size of the sample used to perform
the simple compression tests was determined by the NBR 5738 standard [16] which
recommends a minimum of three samples. Thus, each of the mixes had three specimens
at 28 days of curing. The samples were flattened so that there was a regularization of the
surfaces for the application of the load. The mean resistance of the samples for each mix
was determined by the arithmetic mean of the results.
2.2.4.4 Modulus of elasticity. The test for determining the modulus of elasticity of the
concrete with the addition of treated and untreated PP was performed in accordance with
the NBR 8522 standard [18]. The test was carried out considering the application of load
of up to 30% of the ultimate resistance, with a controlled load speed of 0.45 MPa/min.
The vertical displacements of the samples were verified with the aid of an LVDT (linear
variable differential transformer). The same apparatus used for the compressive strength
test was used for this test. For this assay, three samples were used to obtain the mean
value.
3 Results and discussions
3.1 Influence of the treatment on the PP surface
Figure 1 shows the mean values of the contact angles of the water with the surface of the
used PP samples treated with different surfactants. With increasing surfactant concen-
tration and sample immersion time (0.2% and 20 s), a decrease in the value of the contact
angle occurs. The contact angle of the untreated PP was approximately 80°. Treated
sample with TS1 (0.2% and 20 s) showed a 10% reduction in the contact angle and with
TS2 (0.2% and 20 s), a reduction of approximately 25%. It should be noted that both
surfactants influenced positively this evaluation; however, TS2 stood out. TS2 presented
better results, having a greater reduction in the contact angle of the sample, which
indicates a greater wettability of the PP surface, a desired feature since it promotes
greater interaction of PP flakes with the cementitious mass.
Polyolefins, such as PP, are composed only by carbon and hydrogen. They have
a hydrophobic nature and when using a surfactant it increases the energy surface of
the PP, making its surface hydrophilic and, consequently, improving the interphase
Figure 1. Mean values of the contact angle of the PP samples using the surfactant TS1 (a) and TS2 (b).
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adhesion between the PP and the cementitious mass [19]. This increase in the wettability
of the PP surface can be seen in the images of the drops in Figure 2.
The surfactants used in this study reduced the contact angle of the samples. The TS2
sample presented a more significant decrease in the contact angle, as previously men-
tioned. Possible reasons for contact angle changes may be attributed to chemical changes
on the surface structure [20,21].
3.2 Fourier Transform Infrared (FTIR) spectroscopy
In order to identify several functional groups that the samples, the FTIR spectroscopy
technique was used. The spectra and the analysis of the identification of the presence of
functional groups are shown in Figure 3.
The typical bands of CH bonds are present in the FTIR spectra of the three PP
samples, that is, CH/CH2/CH3 groups ranging from 2850 to 2960 cm
−1. The spectrum
is seen slightly more intense in the reference PP sample, followed by the TS1-modified
PP, and the PP modified with TS2. It is worth mentioning that the band corresponding to
Figure 2. Image of a drop of water on the surface of the PP: (a) reference sample; (b) sample treated
with TS1; and (c) sample treated with TS2 with 0.2% concentration and 20 s of immersion time.
Figure 3. Infrared spectra of the surfaces of PP samples: reference, TS1 and TS2.
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the angular deformation of CH3 groups is at1379 cm
−1 and that it was found more
intense in the sample of PP with TS2, probably due to the surfactant components [22].
It was also possible to verify the presence of new wide absorption bands between 3100
and 3600 cm−1 [23], which correspond to the stretching vibration of the hydroxyl groups
(O-H), in the PP samples with surfactants, being more intense in the sample with TS2,
probably due to the higher concentration of hydroxyl groups from the components of
this surfactant, such as glycerol, water, and others.
Three characteristic bands were identified for the aromatic group, the first one is
a narrow band between 810 and 840 cm−1 that is more intense in the sample using PP
with TS2 probably due to the aromatic group (alkylbenzene) in its composition.
The second one was the most intense, found at 1462 cm−1 for all three samples, being
more intense in the TS2 sample. In this result, the presence of this band in the reference
sample may be due to some additive contained in the PP or to remains from the washing
with detergent of the used packages. Finally, the third small narrow band at 1554 cm−1
corresponds to the phenyl group only seen in the PP sample with TS1, probably due to
the tetramethylbutylphenyl group found in the surfactant used on this sample.
A band at 1167 cm−1 was present in the spectrum of the PP treated with TS2,
corresponding to the sulfone group, RSO2. The presence of this band is characteristic
of the structure of the surfactant, which has Linear Alkylbenzene Sodium Sulphonate as
an active compound.
The polypropylene showed a broadband in peak at 1627 cm−1 attributed to the amides.
A polar characteristic observed after surface treatment with favourable tensor effect to
improve polymer adhesion to concrete.
3.3 Influence of treated PP on concrete properties
3.3.1 Morphology
Figure 4 shows the corresponding micrographs of the concrete surface untreated and
treated PP with TS2. In Figure 4(a), poor interface adhesion between the untreated PP
flake and the cementitious matrix can be seen, which leads to voids formation in the
interface. In addition, the smooth surface of the PP flake (red cor) without the formation
of calcium hydroxide crystals can also be seen. On the other hand, Figure 4(b) shows
Figure 4. Micrographs of the concrete surface with PP flakes (a) without treatment and (b) treated
with TS2.
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a good interface adhesion between the treated PP flake (blue cor) and the cementitious
matrix, indicating that TS2 treatment favored this interaction at the interface [24].
These results indicate that the low affinity of the PP without treatment with concrete is
due to its non-polar characteristic difficult the adhesion of the polymer [20] fact related to
its high contact angle and the absence of functional groups seen by the analysis of FTIR.
A micrograph of the surface of the TS2-treated PP flake is shown in Figure 5, in which
the deposition of crystals formed on the surface of the treated PP as can be observed. The
appearance of these silicate crystals formed by the pozzolanic reaction on the surface of
the treated PP flake could be due to greater wettability of the surface and to surface
micro-roughness [25]. The mechanical improvement and flakes/concrete adhesion could
be justified not only by the roughness, ettringite crystal formation contributes to the
better wettability with cement paste as well as to the adhesion. Numerous examples can
be visualized in previous works [4,26–29].
3.3.2 Void content, water absorption and density of concrete samples
Table 3 shows the results of the void contents. These were studied in order to verify the
influence of the treatment of PP and its addition to the concrete.
The results of the void content indicate that the addition of PP flakes favored an
increase of 40% in the porosity of the PPus sample. Mehta and Monteiro [30], as well as
Hannawi and Prince [31], have attributed these results to the hydrophobic, inert nature
and the convex format of the polymeric flakes.
Table 3. Comparison of the void contents of the reference sample,
the sample with untreated PP, and the one treated with TS2.
Sample Voids (%)
RS40 9.8 ± 0.64
PPusa 13.8 ± 0.78
PPtsb 11.5 ± 0.43
aANOVA: void difference test shows that the interaction had no significant effect.
bANOVA: void difference test presents an interaction had a significant effect.
Figure 5. Precipitation of hydration crystals on the surface of the treated PP.
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After treatment, the PP flakes with TS2 presented a reduction of voids of approxi-
mately 17% when compared to the PPus samples. This is probably due to the improve-
ment of the adhesion at the interface between the PP and the cementitious matrix.
Surface treatment was significant for the reduction of voids content (p ≤ 0.05).
In Table 4, an increase in the water absorption of the concrete samples containing PP
can be seen because of the increase in the void content, as previously mentioned. This
increase is due to the hydrophobicity of the PP, to the non-planar shape of the flakes, and
to the roughness of the edges from the grinding process, which hinders the adhesion to
the cement matrix, favors the appearance of voids and, consequently, facilitates water
absorption [4,29]. The treatment performed on the flakes of PP favored a reduction of
approximately 25% of the water absorption when compared to the concrete made with
PP without the treatment. This is because the better adhesion of flakes reduces the
formation of voids and, consequently, the absorption of water.
These properties are closely interconnected, that is, with the increase in the void
content there is an increase in the water absorption of the concrete. This is more evident
in the mixes of the PPus probably due to the poor adhesion of the PP to the cement
matrix, which seems to be because of the apolar (hydrophobic) characteristic of the
polymer [5]. The difference in size, distribution, and shape of the polymeric flake
influences the increase in water absorption [15,32]. The surface treatment performed
on the PP provided a considerable reduction in the void content and in the water
absorption, as can be observed in the PPts mix.
Figure 6 shows the effect of partial replacement of sand by PP and of surface treat-
ment. The incorporation of the polymer can be seen to have reduced the density of the
concrete, since the specific mass of the PP is lower than the one of the sand [29]. When
compared to the reference mix without plastic aggregate, PPus and PPts mixes showed
a reduction in density of 9.3% and 7.8%, respectively.
Table 5. Compressive strength of concrete samples.
Sample σ (MPa)
RS40 42.6 ± 1.12
PPusa 24.8 ± 0.75
PPtsb 31.7 ± 0.93
aANOVA: compressive strength difference test shows that the interaction had no
significant effect.
bANOVA: compressive strength difference test presents an interaction had sig-
nificant effect.
Table 4. Comparison of the water absorption of the reference sam-
ple, the sample with untreated PP, and the one treated with TS2.
Sample Water Absorption (%)
RS40 3.2 ± 0.87
PPusa 5.7 ± 0.43
PPtsb 4.3 ± 0.66
aANOVA: Water Absorption difference test shows that the interaction had no
significant effect.
bANOVA: Water Absorption difference test presents an interaction had significant
effect.
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3.3.3 Concrete compressive strength
The results of the axial compression test for the mixes after 28 days of curing are shown in
Table 5. A decrease in the strength of the mixes containing PP flakes without surface
treatment was observed when compared to the reference mix. This is probably because
PP is constituted only by carbon and hydrogen, which characterizes an apolar hydrhobic
surface, and its intermolecular forces are weak, which favors low surface energy [33].
The result of the compression test shows a decrease in the resistance of the PPus
(40.5%) and PPts (23.8%) samples when compared to the RS40. As for the PPus, this
reduction occurred due to high void content, which was probably generated by the poor
adhesion of the PP to the cementitious matrix since the former has hydrophobic
characteristics and smooth surface [10,34]. The treatment of the PP increased its resis-
tance in 28%, mainly because of the growth in the adhesion of the polymer/matrix, when
compared to the PPus.
The reduction of the compressive strength in concretes that used recycled aggregates is
attributed to the intrinsic properties of these aggregates that is, higher water absorption,
lower specific and unit mass, and lower mechanical resistance when compared to the
natural aggregates of the concrete. These characteristics are a result of the presence of
cracks in the recycled aggregates, of their production processes, and of the porous cement
paste adhered to its particles [35–37]. These interfere directly with the mechanical
behavior of the concrete produced with these aggregates, since higher stress concentra-
tions may be found [31].
3.3.4 Modulus of elasticity
The results of the modulus of elasticity were obtained following similar procedures as for
compressive strength, but with the use of an LVDT (linear variable differential transfor-
mer) to measure vertical displacements, which were later converted to strain. In Table 6,
the partial replacement of the sand by PP can be seen to not have significantly interfered
with the stiffness of the concrete, while the sample with treated PP showed a decrease of
Figure 6. Density of concrete samples tested 28 days.
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11% in stiffness. The surface treatment provided better adhesion of the PP to the
cementitious matrix [30].
The modulus of elasticity of the concrete is also influenced by the rigidity of its
aggregates [32]. Because of PP properties, such as rigidity and high crystallinity, the
concrete with the addition of the polymer did not have its property significantly
altered [25].
The modulus of elasticity of the concrete depends on the modulus of elasticity of the
aggregates. Thus, by incorporating recycled aggregates, which have a greater or lower
modulus of elasticity than the natural aggregates, modifications in the property of the
composite are expected [5,33]. Brito et al. [15] and Carstens et al. [34] pointed out that
recycled aggregates damage concrete stiffness and cement paste adhesion to aggregates,
which result in a decrease in the modulus of elasticity.
3.4 Evaluation of results
Figure 7 shows a radar-type graph of the influence of the incorporation of PP in the
concrete. An improvement in the properties evaluated can be observed after the surface
treatment, which are more noticeable in the reduction of water absorption and void
Table 6. Modulus of elasticity of the concrete samples.
Sample E (GPa)
RS40 33.2 ± 0.77
PPusa 27.8 ± 0.54
PPtsb 30.7 ± 0.43
aANOVA: Modulus of elasticity difference test shows that the interaction had no
significant effect.
bANOVA: Modulus of elasticity difference test presents an interaction had signifi-
cant effect.
Figure 7. Comparison of finally properties of the samples.
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content. However, when compared to the RS40 reference sample, there was an improve-
ment in the axial compressive strength, even though there was no significant improve-
ment in the modulus of elasticity.
4 Conclusions
Raising awareness about waste management and environmental issues has led to progress
in the use of waste, such as polymers. This work studied the incorporation of polypro-
pylene residue in concrete, which can be summarized and concluded as:
● The treatment carried out with common detergent (TS2) showed an improvement in
the reduction of the contact angle when compared to the one that used nonionic
surfactant (TS1) and observed by the FTIR spectroscopy technique and microscopic
analysis.
● The incorporation of PPts favored a decrease in the void content by 17% when
compared to PPus. The reduction of voids with the PP treatment influenced the
reduction of water absorption by 25% when compared to the PPus sample. The use
of recycled plastic in the concrete reduced the overall concrete bulk density. When
compared to conventional concrete, the bulk density was reduced by 9.31% and
7.79% for PPus and PPts mixes, respectively.
● The compressive strength of the concrete containing 10% recycled plastic aggregate
increased with the incorporation of PPts. The increment in the compressive strength
was of 28%.
● The stiffness of the concrete presented an increment with the incorporation of the
polymer treated in 11%.
● The surface treatment of the PP with the TS2 surfactant, based on the results
obtained, was seen to have improved significantly the properties of the concrete
when compared to the polymer without treatment, obtaining values close to con-
ventional concrete, still being considered a structural concrete.
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